Perioperative myocardial infarctions are the predominant cause of morbidity and mortality in patients undergoing noncardiac surgery. The pathophysiology of perioperative myocardial infarction is complex. Prolonged myocardial ischemia due to the stress of surgery in the presence of a hemodynamically significant coronary lesion, leading to subendocardial ischemia, and acute coronary artery occlusion after plaque rupture and thrombus formation contribute equally to these devastating events. Perioperative management aims at optimizing the patient's condition by identification and modification of underlying cardiac risk factors and diseases. During recent decades there has been a shift from the assessment and treatment of the underlying culprit coronary lesion toward a systemic medical therapy aiming at prevention of myocardial oxygen supply demand mismatch and coronary plaque stabilization. Beta-blockers, statins, and aspirin are widely used in this setting. The role of prophylactic coronary revascularization has been restricted to the same indications as the nonoperative setting. Therefore pre-operative cardiac testing is recommended only if test results will change perioperative management. In addition to the limited perioperative period, physicians should benefit from this opportunity to initiate lifestyle changes and medical therapy to lessen the impact of cardiac risk factors, as patients should live long enough after the operation to enjoy the benefits of surgery. (J Am Coll Cardiol 2008;51:1913-24
Perioperative myocardial infarctions are the predominant cause of morbidity and mortality in patients undergoing noncardiac surgery. The pathophysiology of perioperative myocardial infarction is complex. Prolonged myocardial ischemia due to the stress of surgery in the presence of a hemodynamically significant coronary lesion, leading to subendocardial ischemia, and acute coronary artery occlusion after plaque rupture and thrombus formation contribute equally to these devastating events. Perioperative management aims at optimizing the patient's condition by identification and modification of underlying cardiac risk factors and diseases. During recent decades there has been a shift from the assessment and treatment of the underlying culprit coronary lesion toward a systemic medical therapy aiming at prevention of myocardial oxygen supply demand mismatch and coronary plaque stabilization. Beta-blockers, statins, and aspirin are widely used in this setting. The role of prophylactic coronary revascularization has been restricted to the same indications as the nonoperative setting. Therefore pre-operative cardiac testing is recommended only if test results will change perioperative management. In addition to the limited perioperative period, physicians should benefit from this opportunity to initiate lifestyle changes and medical therapy to lessen the impact of cardiac risk factors, as patients should live long enough after the operation to enjoy the benefits of surgery. Patients undergoing major noncardiac surgery are at significant risk of cardiovascular morbidity and mortality. It is estimated that in Europe 40 million surgical procedures are performed annually with a post-operative myocardial infarction (MI) rate of 1% (400,000), and a cardiovascular mortality rate of 0.3% (133,000). Although the perioperative event rate has declined over the past 30 years as a consequence of recent developments in anesthesiologic and surgical techniques (e.g., regional anesthesia and endovascular treatment modalities), perioperative cardiac complications remain a significant problem. A pooled analysis of several large studies found a 30-day incidence of cardiac events (perioperative myocardial infarction [PMI] or cardiac death) of 2.5% in unselected patients over the age of 40 years (1). These complications were higher in vascular surgery patients, who had an incidence of 6.2% for cardiac events (2) . The risk of perioperative cardiac complications is the summation of the individual patient's risk and cardiac stress related to the surgical procedure. In addition, the incidence is also related to the post-operative surveillance screening adopted, as the great majority of cardiac events are asymptomatic (Fig. 1) . Studies that routinely assessed postoperative cardiac isoenzymes (i.e., troponin T or I measurements) detected an incidence of PMI up to 25% in high-risk patients (3, 4) .
According to the World Health Organization, the global epidemic of cardiovascular disease will not only increase, but will also shift from developed to developing nations. It is further estimated that in the second half of the 21st century, more than 1 in 4 individuals will be 65 years of age or older. In the past, major surgery was rarely performed on patients in their '80s or '90s. Nowadays, many major surgical interventions are performed in this very elderly population. A recent study of 1,351 patients undergoing noncardiac surgery showed that the rate of cardiac events increased with advanced age, independent of other clinical variables, in those patients with myocardial perfusion abnormalities during stress scintigraphy (5) . With the growing elderly population, an increased incidence of underlying cardiovascular disease, and the availability of advanced surgical techniques, these noncardiac surgery patients continue to demand our attention.
Pathophysiology of PMI
Although the pathophysiology of PMI is not entirely clear, it is now well accepted that coronary plaque rupture, leading to thrombus formation and subsequent vessel occlusion, is an important cause of acute perioperative coronary syndromes. This is similar to the nonoperative setting. The perioperative surgical stress response includes a catecholamine surge with associated hemodynamic stress, vasospasm, reduced fibrinolytic activity, platelet activation, and consequent hypercoagulability (6) . In patients with significant coronary artery disease (CAD), PMI may also be caused by a sustained myocardial supply/demand imbalance due to tachycardia and increased myocardial contractility (6) .
Episodes of perioperative STsegment depression, indicating subendocardial myocardial ischemia, have been described in up to 41% of vascular surgery patients, mostly occurring within the first 2 days after surgery (7) . The association of PMI with myocardial ischemia and nontransmural or circumferential subendocardial infarction supports this mechanism. Landesberg et al. (8) demonstrated that 85% of postoperative cardiac complications were preceded by prolonged ST-segment depression. Fleisher et al. (9) found that 78% of patients with cardiac complications had at least 1 episode of prolonged myocardial ischemia (i.e., Ͼ30 min), either before or at the same time as the cardiac event. In the majority of cases, it presents without Q waves. The hypothesis that ST-segment depression can lead to PMI is further supported by increased troponin T levels during or shortly after prolonged STsegment depression ischemia (10) .
ST-segment elevation-type ischemia is considered to be relatively uncommon, confirmed by the incidence (12%) of intraoperative ST-segment elevation in a study by London et al. (11) . Few data exist on this topic. As demonstrated in the autopsy study by Dawood et al. (12) , 55% of the fatal PMIs have direct evidence of plaque disruption defined as fissure or rupture of plaque and hemorrhage into the plaque cavity. Similar autopsy results were found in the study by Cohen and Aretz (13); a plaque rupture was found in 46% of patient with post-operative MI. Time-to-death interval in patients with plaque rupture was significantly longer than in patients without plaque rupture.
In a submitted study of Feringa and colleagues (personal communication, February 2008) 401 vascular surgery patients were evaluated by continuous 12-lead electrocardiographic monitoring during surgery and studied for the presence and location of ischemia. The relationship with the pre-operatively assessed culprit coronary artery lesion using noninvasive cardiac imaging was studied. In patients with perioperative ST-segment depression, the location corresponded with the pre-operatively assessed coronary lesion in 89%, and only in 53% of those with ST-segment elevation (p Ͻ 0.001). This study showed one of the limitations of pre-operative cardiac risk assessment focusing on the identification of the culprit coronary artery lesion. Using cardiac testing, one can identify the patient at risk; however, the location of the PMI is difficult to foresee, owing to the unpredictable progression of (asymptomatic) coronary artery lesions toward unstable plaques owing to the stress of surgery.
Perioperative Management
Risk stratification. The first step in pre-operative care is an adequate identification of patients at risk for perioperative cardiac events. In the past decades, several risk indexes have been developed in this context to stratify surgical patients. Goldman et al. (14) in 1977 developed the first multifactorial risk index specifically for cardiac complications. The risk index was developed in a large surgical population and included 9 independent risk factors correlated with serious or fatal cardiac complications (14) . Subsequently, this index was modified by Detsky et al. (15) in 1986, who used a Bayesian approach using pre-test probabilities and presented the modified cardiac risk index in a simple nomogram. The Revised Cardiac Risk Index, developed in 1999 by Lee et al. (16) , is nowadays the most widely used model of risk assessment in noncardiac surgery. This index identifies 6 predictors of major cardiac complications: high-risk surgery, ischemic heart disease, congestive heart failure, cerebrovascular disease, insulin-dependent diabetes mellitus, and renal failure. Based on the presence of none, 1, 2, or Ն3 predictors, the rate of major cardiac complications in the validation cohort (n ϭ 1,422) was estimated to be 0.4%, 0.9%, 7%, and 11%, respectively. Recently, it was demonstrated in 108,593 patients undergoing all types of noncardiac surgery that this Revised Cardiac Risk Index was indeed predictive of cardiovascular mortality but could be substantially improved by adding age and a more detailed classification of type of surgical procedure (C-statistic improved from 0.63 to 0.85) (17). Perioperative Cardiac Events Several noninvasive and exercise stress tests are available for perioperative risk assessment. The most commonly used stress test for detecting myocardial ischemia is the treadmill or cycle ergometer test. These tests provide an estimate of the functional capacity and hemodynamic response and detect myocardial ischemia by ST-segment changes. The accuracy varies widely among studies (20) . However, an important limitation in patients undergoing noncardiac surgery is the frequently limited exercise capacity in the elderly and the presence of claudication, arthrosis, or chronic obstructive pulmonary disease. Consequently, nonphysiologic stress tests, such as dobutamine stress echocardiography or dipyridamol myocardial perfusion scintigraphy (MPS), are recommended in patients with limited exercise capacity.
During dobutamine stress echocardiography, incremental doses of dobutamine mimic physical exercise by increasing myocardial contractility and heart rate, leading to enhanced oxygen demand. In a region supplied by a hemodynamically significant coronary artery lesion, myocardial ischemia is induced, leading to contractile dysfunction that can be assessed by echocardiography as new wall motion abnormalities. Dobutamine stress echocardiography is an established test to predict perioperative events in patients undergoing surgery, with a high negative predictive value and a moderate positive predictive value (18,20 -25) .
Myocardial perfusion scintigraphy is a widely used imaging technique for pre-operative evaluation. This technique involves intravenous administration of a small quantity of a radioactive tracer such as a technicum 99m -labeled radiopharmaceutical. Images are obtained at rest and during vasodilator stress. Detection of CAD is based on a difference in blood flow distribution during vasodilator stress, induced by insufficient coronary blood flow increment attributed to coronary stenosis. A positive MPS is associated with increased risk of peri-and post-operative cardiac complications. Studies indicate that MPS is highly sensitive for prediction of cardiac complications, but the specificity has been reported as less satisfactory (20, 21, 26, 27) .
Although no head-to-head comparisons of large numbers of patients have been performed, 2 large meta-analyses have compared these techniques with respect to sensitivity and specificity. The studies by Kertai et al. (20) and Beattie et al. (21) concluded that stress echocardiography was slightly favorable to predict post-operative events owing to the better negative predicative characteristics. However, the literature gives no definite answer in selecting the most accurate test. The choice of the test should therefore be based on the center's experience and short-term availability as highlighted in the ACC/AHA guidelines (18) . Prophylactic revascularization. Prophylactic pre-operative coronary revascularization of the culprit lesion may prevent perioperative complications in patients with significant CAD scheduled for surgery. However, the value of prophylactic revascularization is controversial (28 -30) . Whereas former evidence was based on small observational studies and expert opinions, 2 recent randomized controlled trials have clarified this issue. The CARP (Coronary Artery Revascularization Prophylaxis) trial conducted by McFalls et al. (31) was the first randomized trial that investigated the benefit of coronary revascularization before elective major vascular surgery. In that study, 510 patients with significant artery stenosis were randomized to either revascularization or no revascularization before surgery. Within 30 days, no reduction in the number of MIs or deaths or in lengths of hospital stay was observed. Furthermore, as illustrated in Figure 3 , long-term outcome in patients who underwent pre-operative coronary revascularization was similar to patients who received optimized medical therapy (22% vs. 23% mortality; relative risk [RR] 0.98, 95% CI 0.70 to 1.37). Because the majority of patients in the CARP trial had only 1-or 2-vessel disease with a preserved left ventricular function, the optimal pre-operative management for patients with left main disease, severe left ventricular dysfunction, unstable angina pectoris, and aortic stenosis was not determined. In a recent study evaluating vascular surgery patients with predominantly 3-vessel disease, similar findings were obtained (32) . The incidence of the composite end point of all-cause mortality and MI at 30 days was 43% versus 33% (OR 1.4, 95% CI 0.7 to 2.8) and at 1 year was 49% versus 44% (OR 1.2, 95% CI 0.7 to 2.3). Both studies suggest that prophylactic coronary revascularization of cardiac-stable patients provides no benefit for immediate post-operative outcome, although the studies were not significantly powered to detect differences in outcome. In accordance with this evidence, the new ACC/AHA guidelines indicate that routine prophylactic coronary revascularization is not recommended in patients with stable CAD before noncardiac surgery (18) .
Another important clinical situation is the management of patients with previous coronary stenting undergoing noncardiac surgery (33) . The risk of perioperative stent thrombosis in these patients is increased by the noncardiac surgical procedure, especially when surgery is performed early after stent implantation and particularly if dual antiplatelet therapy is discontinued. When possible, it is advised to delay surgery until after the time window that requires dual antiplatelet therapy. The new ACC/AHA guidelines recommend, based on expert opinion, 30 to 45 days for bare-metal stents and 1 year for drug-eluting stents (18) .
Perioperative Management-New Insights
The beneficial effect of a pre-operative localized treatment of a coronary stenosis is hampered because of the unpredictable progression of a nonsignificant coronary lesion Green bars indicate no recommendation of noninvasive stress testing and that patients can go directly to surgery; orange bars indicate patients for whom testing may be considered if it will change management (class IIb); and the red bar indicates a class IIa recommendation for noninvasive stress testing. ACC/AHA ϭ American College of Cardiology/American Heart Association. Data from Fleisher et al. (18) . toward plaque rupture, thrombus formation, and subsequent coronary artery occlusion. Plaque instability is driven by the stress of surgery. Systemic therapy with medical treatment aiming at plaque stabilization therefore seems promising for perioperative as well as long-term risk reduction. Perioperative beta-blockers, statins, and aspirin have all shown a significant benefit in decreasing cardiac mortality and morbidity (34 -38) . These effects can be divided into acute and chronic effects. Beta-blocker therapy. Beta-adrenergic receptor antagonists (beta-blockers) are divided into ␤ 1 -selective and nonselective (␤ 1 and ␤ 2 ) adrenoreceptor blockers. Atenolol, metoprolol, and bisoprolol, all ␤ 1 -selective blockers, are commonly used for perioperative care. The classic idea of the benefit of beta-blocking agents is its effect on restoring the oxygen supply/demand mismatch. However, the complexity of the interactions among the heart, the sympathetic nervous system, and inflammation also contributes to the benefit of beta-blockade (39) . This latter effect is supposed to evolve only after some time.
Although nowadays widely prescribed, there is still considerable debate about the protective effect of beta-blockers, especially after the results of the POISE (Perioperative Ischemic Evaluation) trial became available (40) . Some studies showed a clear evidence in favor of beta-blocker use in the perioperative period (35, 37) , although other studies failed to demonstrate a cardioprotective effect (41) (42) (43) . A recent large meta-analysis by Schouten et al. (44) included 15 studies (1,077 patients) and showed a significant beneficial effect of beta-blockers in noncardiac surgery patients (Fig. 4) . The recently presented POISE study showed a benefit of high-dose metoprolol controlled-release therapy on the risk of MI but, importantly, at the cost of an increased risk of stroke and overall mortality (40, 45) . Different explanations exist regarding the conflicting evidence for perioperative beta-blocker use. In particular, the initiation time and dose of beta-blocker therapy, the type of beta-blocker, dose adjustments for heart rate control, and the patients' underlying cardiac risk are important factors that may relate to the effectiveness of therapy.
INITIATION TIME. It is unclear whether the effect on coronary plaque stabilization, in contrast to heart rate control, can be achieved instantly after beta-blocker start. The onset of beta-blocker therapy before surgery in studies evaluating the cardioprotective effect differs considerably, from months to just hours before operation. Mangano et al. (35) conducted the first randomized controlled trial investigating the effect of beta-blockers in patients undergoing noncardiac surgery. In that trial, 200 patients with known or suspected CAD were randomized for atenolol or placebo just before the induction of anesthesia. No difference in perioperative cardiac events was observed, although the incidence of electrocardiographically assessed ischemia was reduced. The MAVS (Metoprolol After Vascular Surgery) trial randomized 496 patients to metoprolol or placebo starting 2 h before surgery until hospital discharge or a maximum of 5 days after surgery (43) . No significant differences in outcome were observed at 30 days after surgery or after 6 months. In the POBBLE (Perioperative Beta-Blockade) trial, 103 patients undergoing vascular surgery who were randomized to metoprolol or placebo, starting less than 24 h before surgery until 7 days after, also showed no beneficial effect on 30-day cardiovascular outcome (41) . Within 30 days, cardiovascular events occurred in 32% and 34% patients in the metoprolol and placebo groups, respectively (adjusted RR 0.87, 95% CI 0.48 to 1.55). The DIPOM (Diabetic Postoperative Mortality and Morbidity) trial, which started therapy at the earliest in the evening before major noncardiac surgery, again showed no improved 30-day outcome (42) . The POISE trial randomized patients to receive either controlled-release metoprolol or placebo starting 2 to 4 h before surgery and continued for 30 days. In contrast to these studies, the DECREASE-I trial started bisoprolol at an average of 37 (range 7 to 89) days before surgery in 112 high-risk patients. In this period, careful Figure 4 Perioperative Beta-Blocker Therapy titration of bisoprolol therapy was performed. That study showed a 10-fold reduction in incidence of perioperative cardiac death and MI versus placebo (3.4% vs. 34%; p Ͻ 0.001) (37) . The importance of the initiation time of beta-blocker therapy before surgery can be argued by the pathophysiology of PMI. The acute effects of beta-blockade include the reduction of myocardial oxygen demand by a decrease in heart rate, systolic pressure, and ventricular contractility. Otherwise, the suggested effect of beta-blockers on coronary plaque stabilization may be related to anti-inflammatory properties and possibly only be observed after prolonged use. Beta-blockade has been shown to decrease the level of inflammatory cytokines in both the myocardium and the systemic circulation (46 -48) . A study in patients with acute MI demonstrated that beta-blocker treatment reduced inflammatory responses only after 48 h of treatment (49) .
Although the study of Mangano et al. (35) did not demonstrate a perioperative effect, atenolol use was associated with significantly lower mortality rates at 6 months after discharge (0% vs. 8%; p ϭ 0.001), over the first year (3% vs. 14%; p ϭ 0.005), and over 2 years (10% vs. 21%; p ϭ 0.019). Another randomized trial also showed benefit of beta-blocker use on the long term, even up to 30 months (37). These findings support the hypothesis that not all effects of beta-blockers are achieved immediately after initiation of therapy. The long-term beneficial effects of beta-blockers were recently confirmed by a study which demonstrated a decreased progression of coronary atherosclerosis in patients receiving beta-blockers. Sipahi et al. (50) performed a pooled analysis of individual patient data from 4 intravascular ultrasonography trials to investigate the relationship between concomitant beta-blocker treatment and the progression of coronary atherosclerosis. The use of beta-blockers was significantly associated with a decrease of the atheroma volume at follow-up, whereas this was not changed in patients without beta-blockers. In addition, it seems to be crucial to continue beta-blockers in the perioperative period. It has been shown that perioperative withdrawal of beta-blocker therapy was associated with a 2.7-fold increased risk of 1-year mortality compared with patients not using beta-blockers (51).
TYPE.
The predominant perioperative cardioprotective effect is regulated by ␤ 1 -adrenoreceptor blockade. The perioperative period is associated with high adrenaline and noradrenalin levels (52, 53) , creating a potentially dangerous situation in the presence of vulnerable plaques. The danger has 2 aspects: a hemodynamic effect and a stimulation of the inflammatory process. The hemodynamic risk is associated with increased heart rates and blood pressure associated with high sympathetic nerve activity (7). The beta-blocker benefit could thus clearly be operating via its ability to lower heart rate. Blood pressure and velocity of blood flow rise under the influence of high catecholamine activity, and so beta-blocker normalizes turbulent flow and vessel wall shear forces. However, blocking both ␤ 1 -and ␤ 2 -receptors in the presence of raised adrenaline levels during surgery will lead to uncontrolled alpha stimulation and a subsequent adverse rise in blood pressure (54) . Metoprolol and atenolol, which are only moderately ␤ 1 -selective, may increase myocardial oxygen demand and might therefore be less recommended than the highly ␤ 1 -selective bisoprolol. In the same vein, the inflammatory process is exacerbated by high noradrenalin levels (55), undoubtedly acting through ␤ 1 -receptor overactivity, which increases inflammation, necrosis, apoptosis, and matrix metalloproteinase activity (56) . Interestingly ␤ 2 -receptor overactivity inhibits the inflammatory necrotic/ apoptotic process (57), thus making ␤ 2 -blockade unwelcome.
The different beta-blockers have various plasma half-lives and peak ratios. Bisoprolol and atenolol are long-acting agents with half-lives of 10 to 11 h and 6 to 7 h, respectively, whereas metoprolol has a short duration of action of about 3.5 h. A study by Redelmeier et al. (58) in elderly patients undergoing elective surgery reported that long-acting betablockers are associated with higher cardioprotective benefits than short-acting beta-blockers in the perioperative period. In patients with CAD/unstable plaques, beta-blockers with short half-lives will increase the risk of a cardiovascular event on sudden withdrawal (51, 59) . In the acute absence of ␤ 2 -blockade, the up-regulated ␤ 1 -receptors plus high catecholamine levels would be a dangerous mix. Therefore, long-acting beta-blockers, such as bisoprolol, will be safer than agents with short half-lives (21) .
DOSING AND TIGHT HEART RATE CONTROL. In addition to the initiation time before surgery and type of beta-blocker, dose adjustment for heart rate control is important. Raby et al. (60) were the first to show positive results on strict heart rate control in 26 patients undergoing major noncardiac surgery. A recent study demonstrated in 272 patients that higher doses of beta-blockers and tight heart rate control were associated with reduced perioperative myocardial ischemia, troponin T release, and improved long-term outcome (Fig. 5) (61) . Accordingly, the new ACC/AHA guidelines on perioperative care strongly recommend achieving and maintaining a heart rate of 60 to 65 beats/min (18) . Tight heart rate control will increase the likelihood that a patient will receive the benefit of beta-blockade.
The POISE trial initiated randomized treatment of controlled-release metoprolol just before surgery, and the maximum recommended therapeutical dose of metoprolol (400 mg) was already achieved within the first day of surgery (45) . Medication was continued at 200 mg daily afterwards. This is in contrast to the DECREASE studies, where a low dose of bisoprolol at an average 12.5% of maximum recommended therapeutical dose was carefully up-titrated during a mean period of 30 days. The primary findings of the POISE trial were a reduction of perioperative MI by high-dose metoprolol controlled-release therapy, but an excess of overall mortality (40). They observed an incidence of stroke of 1% in the group randomized to metoprolol compared with an incidence of 0.4% in the DECREASE studies. Several issues have to be clarified in the POISE study to interpret their findings properly. The increased incidence of ischemic stroke in the POISE study in combination with intraoperative bradycardia and hypotension suggests an overtreatment effect. The lesson from the POISE study might be that beta-blockers should be carefully titrated and that the stopping rule of a systolic blood pressure of 100 mm Hg for metoprolol controlled-release therapy might be hazardous in elderly patients with a history of stroke.
CARDIAC RISK.
Another important issue is the identification of surgical patients who may benefit from beta-blocker therapy. The evidence of the beneficial effect of betablockers is strongest in high-risk patients. Lindenauer et al.
(62) performed a retrospective cohort study of 782,969 patients who underwent major noncardiac surgery to investigate the association of beta-blockers with perioperative outcome. They observed a relationship between cardiac risk and the effect of perioperative beta-blocker use. Betablocker use showed no benefit or possible harm in lowrisk patients but had a significant beneficial effect in highrisk patients. Important to note is that in the MAVS trial, most patients were at low risk for complications, as almost 60% had a Revised Cardiac Risk Index score of only 1 (43) . The negative DIPOM trial also included many low-risk patients (42) . Additionally, in contrast to the ACC/AHA guidelines (18) , in the Juul et al. study (42) , major noncardiac surgery was defined as surgery with an expected duration of Ͼ1 h.
GUIDELINES.
Recently, the ACC and AHA introduced a guideline update on perioperative beta-blocker therapy (63) . These recommendations are summarized in Table 2 . The class I recommendations of these guidelines are to continue beta-blocker therapy in patients already receiving betablockers and to start patients with a positive stress test on beta-blockers. Furthermore, beta-blocker therapy is probably recommended for patients undergoing vascular surgery in which pre-operative assessment identifies coronary heart disease or high cardiac risk as defined by the presence of multiple clinical risk factors (Class IIa). The same class of recommendation holds for patients in whom pre-operative assessment identifies coronary heart disease or high Further large randomized trials are definitely needed to give more conclusive recommendations regarding betablocker therapy for patients undergoing noncardiac surgery in different risk groups. The ongoing DECREASE-IV study may give more insight into the optimal pharmaceutical prevention with beta-blockers and statins of perioperative cardiovascular complications (64) . Statins. Statins are widely prescribed in patients with or at risk for CAD, because of their well-established lipidlowering capacity. Statins have other important beneficial effects on atherosclerotic vascular disease, which are known as its pleiotropic effects (65) . These effects include atherosclerotic plaque stabilization, oxidative stress reduction, and a decrease of vascular inflammation. In human carotid plaques, statins have been demonstrated to decrease lipids, lipid oxidation, inflammation, matrix metalloproteinases, and cell death and to increase tissue inhibitors of metalloproteinases and collagen (66) . These properties of statins may stabilize coronary artery plaques, thereby preventing plaque rupture and subsequent MI in the perioperative period.
Different large clinical trials in patients with CAD have shown a beneficial effect of statins. The 4S (Scandinavian Simvastatin Survival Study) demonstrated that simvastatin in CAD patients was safe and improved long-term outcome (67) . Importantly, that same research group showed that the beneficial effect of simvastatin is not restricted to coronary atherosclerosis, as statin use was also associated with a reduction of new or worsening intermittent claudication and other noncoronary ischemic symptoms and signs (68) . These positive observations of statin therapy are also observed during vascular surgery (Fig. 6) . A retrospective case-control study among 2,816 patients who underwent major noncardiac vascular surgery was the first study to show a benefit of statins in the perioperative period. That study demonstrated a 4-fold significant reduction in allcause mortality (adjusted OR 0.22, 95% CI 0.10 to 0.47) (36) . A year later, the first prospective, placebo-controlled, blinded, randomized clinical trial evaluating the effects of statin therapy on perioperative cardiovascular complications was reported by Durazzo et al. (34) . They randomized 100 Heart Rate Control
Mean heart rate in relation to myocardial ischemia assessed by continuous electrocardiography and troponin T release. Data from Feringa et al. (61) . ECG ϭ electrocardiogram.
patients to either 20 mg atorvastatin or placebo for 45 days.
The combined cardiovascular end point in the trial was defined as cardiac death, nonfatal MI, stroke, or unstable angina pectoris. After 6 months of follow-up, the incidence of cardiovascular events was more than 3-fold higher with placebo than with atorvastatin (26% vs. 8%; p ϭ 0.031). Different retrospective trials have also evaluated the effects of statin therapy on perioperative complications in patients undergoing noncardiac surgery (69 -71) . Lindenauer et al. (70) performed a large retrospective cohort study of 780,591 patients undergoing major noncardiac surgery at 329 hospitals. After correction for numerous baseline differences, the 70,159 statin users had a 1.4-fold reduced risk of in-hospital mortality (adjusted OR 0.62, 95% CI 0.58 to 0.67). The STARRS (Statins for Risk Reduction in Surgery) study assessing the effect of statins on cardiac complications in patients undergoing noncardiac vascular surgery also supported the use of perioperative statin therapy (71) . In that retrospective study cohort of 1,163 patients, statin users had a significantly lower perioperative complication rate than patients without statin therapy (adjusted OR 0.52, 95% CI 0.35 to 0.77). The protective effect of statin use was similar across the different risk group categories and persisted after adjusting for the propensity of statin use. Several systematic review articles have demonstrated supportive evidence of statin therapy (72) (73) (74) .
In addition, the long-term benefit of statins was reported in patients undergoing successful abdominal aortic aneurysm surgery. Kertai et al. (75) followed 510 patients who survived aortic aneurysm surgery for a median of 4.7 years.
SAFETY OF PERIOPERATIVE STATIN USE.
A major concern of statin therapy is the potential side effects, such as statin-induced myopathy and rhabdomyolysis. Perioperatively, patients might be unaware of these symptoms, owing to sedation, or they are erroneously associated with postoperative surgery complaints. In a retrospective study, Schouten et al. (76) studied 981 consecutive patients undergoing major vascular surgery without PMI to assess the potential risk of myopathy associated with statin therapy. Statin therapy was initiated before surgery in a total of 44 patients with elevated cholesterol levels and continued in 182 patients already taking statin therapy. Blood samples were taken and patients were monitored for muscle complaints at days 1, 3, and 7 after surgery and at discharge. Myopathy was defined as creatine kinase elevations with or without observed muscle complaints. After correcting for cardiac risk factors and clinical risk factors for myopathy, length of surgery remained the only factor independently associated with creatine kinase elevations. Rhabdomyolysis, defined as creatine kinase levels above 10 times the upper limit of normal, was not observed. Considering that the risk Figure 6 Perioperative Statin Therapy
Results of the effect of perioperative statin therapy in different studies. CI ϭ confidence interval; OR ϭ odds ratio.
Recommendations for Perioperative Beta-Blocker Therapy According to the ACC/AHA Guidelines (18) . Level of evidence according to the ACC/AHA: A ϭ data derived from multiple, randomized, clinical trials; B ϭ data derived from a single randomized trial or nonrandomized studies; C ϭ only consensus opinion of experts, case studies, or standard-of-care. *Applies to patients found to have coronary ischemia on pre-operative testing. †Applies to patients found to have coronary heart disease. CHD ϭ coronary heart disease; other abbreviations as in Table 1 . Following the available evidence of both beta-blockers and statins in the perioperative period, the question arises whether these medications should be used as a combination therapy. Some retrospective studies have already reported a beneficial effect of using both beta-blockers and statins on perioperative outcome (81). The previously mentioned DECREASE-IV trial could give more insights in this topic as it aims to assess the clinical efficacy of beta-blocker, statin, and combination therapy in patients undergoing major noncardiac surgery (64) . Acetylsalicylic acid. Acetylsalicylic acid (ASA) is one of the cornerstones in the primary and secondary prevention of cardiovascular diseases. Furthermore, the combination of ASA and clopidogrel is commonly used for the prevention of stent thrombosis. The evidence of ASA in the perioperative period in patients undergoing noncardiac surgery is less clear. In a randomized trial of patients undergoing carotid endarterectomy, ASA was shown to be effective in preventing intraoperative and post-operative stroke but with no effect on death or MI (82) . In another trial comparing low-dose and high-dose ASA in carotid surgery, results indicated reduced mortality, MI, and stroke in the low-dose group (83) . A meta-analysis by Robless et al. (84) in 2001 demonstrated a reduction of serious vascular events and vascular death in patients with peripheral vascular disease. That study included 10 trials of antiplatelet treatment in lower limb bypass surgery, of which 6 involved ASA treatment. However, the benefit of antiplatelet therapy did not reach statistical significance for the combined end point of vascular events (OR 0.76, 95% CI 0.54 to 1.05) in that vascular surgery population. Concerns of promoting perioperative hemorrhagic complications often withheld continuation of ASA in the perioperative period. No randomized controlled trials exist, however, on pre-operative discontinuation of ASA. A meta-analysis by Burger et al. (85) concluded that ASA should be discontinued only if lowdose ASA may cause bleeding risks with increased mortality or if sequels are similar to the observed cardiovascular risks after ASA withdrawal. In 41 studies they observed that ASA increased the risk of bleeding complications 1.5-fold but did not lead to higher severity levels of bleeding complications. A systematic review in subjects at risk for or with CAD demonstrated that ASA nonadherence/ withdrawal was associated with a 3-fold higher risk of major adverse cardiac events (OR 3.14, 95% CI 1.75 to 5.61; p ϭ 0.0001) (86) .
Conclusions
In the growing elderly population with an increased cardiovascular comorbidity, underlying ischemic heart disease in surgical patients is becoming a key problem. Myocardial infarctions are the major cause of perioperative morbidity and mortality. The pathophysiology of PMI is related to the stress of surgery, inducing an oxygen supply/demand imbalance in the presence of a coronary artery stenosis or a sudden coronary plaque rupture with thrombosis and vessel occlusion. In the latter condition, inflammation plays a major role. To prevent these devastating conditions from multiplying, systemic strategies are required. Beta-blockers correct the imbalance between myocardial oxygen supply and demand, and statins and aspirin focus on plaque stabilization by a reduction of the inflammatory response. Moreover, current data clearly reveal a shift from pre-operative coronary revascularization toward intensified medical treatment. Current recommendations of prophylactic coronary revascularization have been restricted to the same indications as in the nonoperative setting. In cardiac-stable patients, noninvasive cardiac stress testing is therefore indicated only if it will change management. In high-risk patients, prophylactic coronary revascularization might be switched to later post-operative revascularization, preventing the delay of surgery. The optimal timing of beta-blocker therapy before surgery has not been resolved yet. Beta-blockers have both a hemodynamic and an anti-inflammatory effect. To obtain maximum benefits of beta-blockade, therapy should be initiated at least some days before surgery in combination with dose adjustments for tight heart rate control. Furthermore, it is strongly advised to continue the beta-blocker therapy throughout the perioperative period. The pleiotropic effects of statins have also been shown to be beneficial in patients undergoing noncardiac surgery. The pre-operative risk assessment is an ideal opportunity to initiate lifestyle changes and medical therapy to lessen the impact of cardiac risk factors to improve both perioperative and long-term outcome.
